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I. INTRODUCTION

The loading on equipment and structures caused by shock diffraction

and drag have been of particular interest to the Army ever since the in-

troduction of nuclear weapons. Because of the inherent three-dimensional

(3-D) nature of such loading, the more commonly accepted method for

ascertaining this loading has been through field testing, dating from

atmospheric nuclear tests to current tests of large-scale high explosives.

Because of the high cost and necessarily complex planning involved, these

tests are held infrequently. Unpredictable anomalies such as jetting

frequently occur, often with the intended targets receiving loadings

considerably different from that which had been expected. Space for

targets and data acquisition equipment is invariably at a premium

during these tests, leaving potentially valuable tests untried, and

worthwhile data ungathered.

As pointud out by Taylorl in 1972, the accepted methods for
computing shock diffraction loading on simple structures as outlined in

the US Army Technical Manual TM-5-856-1 2 , hereinafter referred to as

the Technical Manual, are no longer sufficiently accurate for studies

in blast hardening and vulnerability assessment. The models outlined

in the Technical Manual treat a given 3-D structure, such as a rectan-

gular parallelepiped, as being locally two-dimensional. Loading is then

computed based on the speed at which a rarefaction wave travels across a

characteristic dimension of the given target face. During the last

several years, numerical methods in the form of hydrodynamic computer

codes (hydrocodes) for simulating 3-D shock diffraction over obstacles

have boon advanced to the point where they can he used to complement

and, in some cases, replace the use of experiments and models such as

those in the Technical Manual.

The objective of the present work is to illustrate the capabilities

of two hydrocodos for predicting shock diffraction loading and to com-

pare them with two semiempirical models. The hydrocodes used for the

comparisons are HUlLL and BAAL.. One somiempirical model is that from

the Technical Manual, and the other is an improved model stip~evtod by

Taylorl.

A reference problem is defined: the S-280 Electrical E!quipment

Shelter struck by a 34.5 kPa (5.0 psi) overpressure step shock. Im-

provomonts to the models for determining loading in the Technical

W. J. Taylor, "A Uthod for P'rodicting Plant boada thNr,,ig thr

Dif•aotion Panoe," Aha SWock anl V!brtion P.lletit, XP. 4-. PaNt

4 of 6, 51iock and Vilbmtion Center, llavat R!ohearoh Lboratonr,

Waahin3-ton, DC, p. 235 (Jan 79).

2"DoolIgn of Structuroe to RPeiat the R'ffc•.ot of Attomic Weapono," IJ.7

Am'y Corpa of En'jinecl' ! 1110-44-42S, 1 July 1959, (W1C1AStIJFPP).

(RopubZiahod ao7 T,-I5-8 1- in V9W5.)
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Manual are suggested; these improved models give good agreement with
the hydrocou, results. The BAAL hydrocode has previously been shown
to compare well with experimental shock loading on a similar rectan-
gular parallelepiped at the same shock strength. Finally, a discussion
is presented on the net rotational moments on the shelter as predicted
by the several methods.

II. REFERENCE PROBLEM

A. Target

The target is an S-280 Electrical Equipment Shelter (hereinafter
referred to as the shelter), 3.62 m wide, 2.17 m deep, and 2.11 m high.
The shelter is sitting on the ground with one of the larger of the two
different sized faces, defined here as the front face, oriented so that
it is normal to the velocity vector of an oncoming one-dimensional (l-1)
shock wave.

B. Shock and Ambient Conditions

The shock wave is a step shock with an overpressure p* = 34.5 kPa
(5.0 psi). Ambient conditions ahead of the shock are temperature
T= 288.2 0K (S18.7 0 R), pressure p 101.3 kPa (14.7 psi), and

3 13
density P1  1.22S kg/m3 (.0765 Ibm/ft ), The air both ahead of and

behind the shock is assumed to he a polytropic gas, with a ratio of
specific heats y = 1.4. Throughout the remainder of this report, the
interaction of this shock wave with the shelter described above will
frequently be referred to as "the present case."

C. One-Dimensional Check

A simplified, locally I-D model that can be used to represent the
flow field at the time that the incident shock reflects from the
shelter's front face is shown in Figure 1. The flow field shown is
for a shock tube with a closed end. Region I represents the ambient
air; region 2, the air behind the incident shock wave; region 3, the

shock tube reservoir; and region 4, the accelerated flow region between
the expansion wave and the contact surface. Finally, region 5 is the
region behind the shock wave which reflectixt off the rigid wall that
represents the shelter's front face. The subscripts us(e with flow
field variables in this report indicate the particular region of
interest.

"The values of the flow field variables for the 1-1) check ca-n be

calculated from the shock tube relations with the shock and ambient

conditions specified above. These 1-0) variables are stumarized in the

table in Appendix A. The theoretical value of the peak reflected

overpressure of 78.5 kPa calculated with the 1-D) model is an excellent

10
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reference point to use in assessing the validity of the hydrocodie
solutions of the real 3-B case. The initial reflect ion process "it '11N,
given point on the front face is 1-D until the expansion waves coming
in from the top and side edges of the front face arrive at that point.

III. SallIEMPIR ICAI. MODELS

A. Background

Prior to presenting the results of the hydrocode computations;) it
is worthwhile to discuss the existing semiempirical mnodels used to.
determine shock loading on 3-D structures. This allows not only a
comparison between the loading predicted by the models, but also allows
later comparison to the loading predicted by the hydrocodes. The chosen
semiempirical models are (1) those from the Technical Manual, an 2
the improved models suggested by Taylor 1 .

B. Technical Manual

The equations p~resented here are for a step shock, and any mnent ion
of the terms "shock" or "shock wave"l in the following discussion ir,- to
be construed (is referring to a step shock unless, specifically note~d to
be otherwise. The semiumpirical models in the Techicale Mtanual are for
decaying shock waves, but the relitions can be easily modifiod to relatc
to stvp shocks. The derivat ions of the step r-hock eq~uat ions. from the.
de4tiing shock wave equations in the Technical Manual -ire given In
Appcnd ix R.

Thv, Tochnical Mantial modvls; of interest here a--ssute thaO. the sho'A
waivo strikes a rectangul~ar paral lelepipod with the velocity viector of
the shock wave nor=- I to one of the (ace oft0~leeipd That
fact is defined as, the front face. A semiempirioal ttiodel which shows
r'~o shock reflection and stil equ ellt expansion Wove intercit.v
given for the front fuce. A semivmtpirical mrodel is given for tlts, had
f--ce which shows. the shock expatnsion around the 00-degrrr corncrs with
the top and sidc faces. A combined mt-dvl is givien for the top, vivi vide

f'aes shwig ~oc m -iet along. those faces plus wovv iott~racions
from the front and hiack faces.

These aodels from the Trchnical Maiiua1., riodiried for ý*tp Mh*O:s.
are discuissed Weow. The predictions ritide using these Msodel ,irv i
discussed and presented for later comparison with other tmodels, and with
the lifdrocode reut.Aný tin neral v'ahlue such a~a toundl speedJ Ahod
speed. or overpressure refer ipecifically to the interaction of the
reference 34.5 kPa %top ghock with, the .nteltr (the prose"! ca-ze).

1. Front Face. The 00del in the Technical Martial for ulin
thle loading an the front face is based oil .41 a--%Umed clearing tilm tc
where

12



t = 3__h (1)
C C5.•:,• c c5

Here, c5 is the sound speed on the front face of the shelter after the

shock has reflected from it; for the present case, c5 = 369.6 m/s. The

value to be used for h is the smaller of either the height of the shelter

or one-half the width; for the present case, h = 1.81 m. This gives a

clearing time for the shelter t = 14.69 ms, where tc is "... the time
I C t

-required to clear the front wall of reflection effectsi' 2  During this
time, the average overpressure on the front face, -*p, decreases from the

peak reflected overpressure to a value

1 2
P• = (P 2 - Pl) + 0.85 7 P 2u2

Here, p2 is the pressure behind the shock, p2 is the density behind the

shock, and u 2 is the particle velocity behind the shock. For the

present case, the peak reflected overpressure on the front face is
- or 78.5 kPa (11.4 psi), and p* is 37.9 kPa (5.49 psi); p5 is

the pressure behind the reflected shock. Figure 2 shows the history of

the average overpressure on the front face of the shelter calculated
using the model in the Technical Manual, The term "average overpressure"

refers to a spatial average on the shelter face at a given point in
time, or at a series of points in time. In the later discussions
concerning the hydrocode computations, average overpressure means a

weighted spatial average, with the weighting based on the areas of the

flow-field cells adjacent to the shelter surface. The other data

shown in Figure 2 for the front face will be discussed later.

* - 2. Back Face. The time required for the incident shock wave to

arrive at the plane of the back wall is

td D (3)! i•, " d W .-"

: "1:"

where D is the shelter depth, and Wi is the velocity of the incident
1

shock. For the present case, D = 2.17 m and Wi = 386.8 m/s, so

td = 5.616 ms. The rise time 2 required for the average pressure on the

back face to go from ambient at time td to its peak value is

,(4)
(tb" rise c=

13
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where a = 4.0, c1 is the sound speed ahead of the shock, and h is

Sdefined as before. Here, h = 1.81 m and c 340.3 m/s, so (t

21.28 ms. The peak average overpressure 2 on the back face is

(PbPmax (P2 -Pl) + (1 - $)e-(

1; where

1 (P 2 - P(O

P1

or (Pnmax 29.3 kPa.

Because the shock wave considered here is a step shock, the model
in the Technical Manual implies that the average overpressure on the

back face would remain at ( indefinitely. The overpressure

history calculated using this model is represented by the solid line
labeled "BACK" in Figure 2.

Figure 3 shows the history of the average pressure difference
between the front and back faces of the S-Ž80 shelter using the
Technical Manual model. The other data in Figures 2 and 3 will be
discussed later.

3. Top and Side Faces. From the time t 0,0 s, when the incident
shock wav -reaches the plae of the front face of the target, to the
time td at which the shock wave reaches the plane of the back face, the

average overpressure on the top face varies linearly- from zero to

top (P2 Pl 0.9 01. 1.0 -t (7)

-or the present case, op 32.5 kPa at t S.616 ms. To account for

vortex growth, shedding, and subsequen t travel down the top f'ace, the
model predicts a locol minimum in the average ovorpressure at the time

(e=.
ji:

I'I

N .~

P.P.
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!

which for the present case is 28.08 ms. At that time, the average
overpressure at the top face is calculated2 as either

(P2 Pl- 2.0 + + 1 , (9.1)

L
or

p- P2 ) .5 + 0 .125 2 p(92)

whichever is the lesser of the two. At this time, -top = 25.2 kPa for

the present case. After this time, there is a linear rise in the
average overpressure to a value

Ptop P2 PI

from the time tpi to a time

pmi 7 (11

For the present case, t 98.28 ms and T) 34.5 kPa, the incident

shock overpressure.

According to the method outlined in the Technical Nfanutial, the
geometry of the shelter is such that the times and average overprsurcs
for the top face also apply directly to the side faces of thl shelter.
Figures 4 and 5 show the overpressure history for the top and side
faces, respectively, of the shelter for the present case calculated
Swith the above method. Vhe hydrocode data and the proposed Model showi

in those figures will be discussed later.

C .Taylor's sol

1. Front Face. Taylor1 suggested an alternate mocdl to that of
the TechniF intial to estimate the loading on the front face of an

obstacle, based on the number of rarefaction wave crossings. For ai
3-1 object such as the shelter, there will be a succession of rarefac-

tion waves originating from the top of the front face and reflecting

from the bottom boundary, plus a succession of rarefaction waves

originating from the side of the front face and reflecting from the

symmetry plane. The reflected waves will also be rarefact ion waves.
SIn an actual occurrence of loading through shock diffraction, there

1,
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would be considerable interaction between the crossing expansion waves.
Because Taylor intended that the model be a simple approximation, the
waves are assumed not to interact with one another. As a further sim-
plification, the rarefaction wave speeds are assumed to be equal to the
sound speed in the reflection region immediately after the incident
shock reflects from the front face.

Using Taylor's model, the required crossing time for an expansion
wave running from the top to the bottom of the front face is 5.704 ms;
for an expansion wave running between the side edge and the symmetry
plane the crossing time is 4.897 ms. These times are based on a shelter
height of 2.11 m, a one-half width of 1.81 m, and a sound speed
c5 = 369.6 m/s. For each expansion wave crossing, the average over-
pressure on the front face is then calculated as a percentage of the
initial reflezted overpressure on the front face. The values for average
overpressure using Taylor's fitted curve1 are summarized in Table I and
shown in Figure 2.

TAlý 1. FRONT FACE AVERAGE OVERPRESSURE, TAYLOR'S MODEL

Time Rarefaction Wave % Reflected Overpressure
(ms) Wave Number* Description Overpressure (kPa)

0.0 - 100.0 78.5

4.9 1 Side to Symmetry 86.9 68.3
Plane

5.7 2 Top to Bottom 68.S 53.8

9.8 3 Symmetry Plane 57,3 45.0
to Side

11.4 4 Bottom to Top S2.8 41.5

14.7 S Side to Symmetry 50.4 39.6
Plane

iIl-' stops at crossing number S.

Taylor's model indicates a more rapid unloading of the front faco
during the diffraction phase than does the Technical Manual. (11%e
diffraction phase on the front face lasts from the initial shock arrival
until all wave interactions on that face have ended.) The two models
are nearly the same for the drag phase on the front face (t > 15 ms).

E• (The drag phase begins at the end of the diffraction phase for a given
face.) The diffraction phase for the whole shelter ends when there

20



v
are no longer any wave interactions anywhere on the shelter: this ends
at t = 20 ms. This and the hydrocode data showrn in Figure 2 will
be discussed later.

2. Back Face. Taylor's 1 data indicate that the constant a used
in Equation (4) should be changed to 2.5 from 4.0. This gives a more
rapid pressure rise time of 13.30 ms on the back face as compared with
that calculated with the model in the Technical Manual. The overpressure
history for the back face of the shelter calculated with Taylor's
method is also shown in Figure 2. It shows much more rapid loading of
the back face than does the Technical Manual model; the late-time loading
is the same. Figure 3 shows the history of the average pressure
difference between the front and back faces of the shelter using the
models outlined by Taylor. The net loading predicted by Taylor's models
is much less than that for the Technical Manual for nearly all of the
diffraction phase. The hydrocode data shown in Figure 3 will be
discussed in a later section.

3. Top and Side Faces. Taylor did not suggest an improved method
for computing the average overpressure on the top and side faces of an
object such as the shelter.

IV. IIYDROCODES

A. Background

Until relatively recently, models such as those out li ed in the
Technical Manual were the accepted means for calculating the londing
on a structure being struck by a shock wave. Taylor1 Pointed out the
more serious deficiencies in the simple models being used, particularly
the poor modeling of three-dimensional effects, and suggested it simple
but effective model hased on wave interactions. A more generalized

f version of Taylor's wave interaction model has since been adatted in
the TRUCK code by flobbs, et al. 'o features of this model are the
ability to model oblique loading and more complex target shapes.

lowever, it was apparent that a more general and accIrate cOm 'ta-
tional model titan that offered by the simple models was needed. At the
time of Taylor's% paper, hydrodynamic computer codes capable of solvingthe Euler equations (atid in limited cases the Navier-Stokes - 0tionsi
for two-dimensional flow were fairly well established. Advances were
also being made in the development of hydrodynamic comrAtter codes

`P. P. lHobba, J. P. latah., G. 71rwtaiat, W. U. te, ard Y. N , "7C• -
A D~igitalt Ccwapte 071j~m w caatatinV 020, 1?9r i .- A'
V~hcJleae to Bloat watioao Ratlotic iHevealw:I~~~~ i-w

Report No. O0JfV,, April )1983 ((WrLA ,:UirP ). (All •WA1347)

21



capable of solving three-dimensional problems. The Ballistic Research
Laboratory (BRL) wanted to obtain a reliable 3-D hydrocode for shock
diffraction loading and free air blast calculations. The two hydrocodes
tested in detail are described below.

B. BAAL

One of the several hydrodynamic computer codes being developed at
the Los Alamos Scientific Laboratory (LASL) was the implicit, arbitrary-
Lagrangian-Eulerian (ALE) hydrocode BAAL4 . The computing methods used
in BAAL are described for two-dimensional flow by Hirt, Amsden, and
Cook 5 , and also by Amsden and Hirt 6 . The extension of these methods to
three-dimensional flow is described by Pracht 7 . As a result of dis-
cussions with representatives of the Ballistic Research Laboratory
(BRL), LASL was contracted to perform a computation using the BAAL
hydrocode. simulating the three-dimensional shock diffraction loading
experiment performed by Taylor t at the BRL using a solid rectangular
parallelepiped as a target. The results of this computation have been
reported8. These results have also been reported in the open literature
along with a discussion of the solution technique9. The BAAL calculation
involved a solution of the inviscid Euler equations, with artificial
viscosity used to stabilize flow in regions of deceleration. (The 11AAM

R. .TPraht and J. U. DRwakbit., "BAAL: A Code jfor Calwlattng
I-roe-Pitiaoa Fid Ftoto at All Spoedn woith an Fulcrian-
tkzcangtian Cot 'utinq fleoh4 " Loo Alwno8 Scientific L4boYrItory,
fleport UA-63441, August 2976.LC. W. !rt, A. A. A1naden, and J. L. Cook) "An A,,bitmila

Wv.d•r+, C utin- LWtha for A nZ aou C tianda," 4. Cwvp, Phyn. 14

A.CgoqQ1 . W. Htt, riCl'.fit, "YAUT A c"Pirari w'n n ii

cowa ail tP•&++Le Stotue"oa RL tnt +A-,100+ Pcorh 1.97..

• ~~Con+tract $frpot+' (So. 2W8 M•oh 2$?$) (WJNCLAS.SIPIhD). (A!) VlROU32t18I,)
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code has the capability of solving the full Navier-Stokes equations for1 iisome flow situations.) In general, the BAAL computation showed
excellent agreement with the experimental pressure data for both the
front and back faces. Experimental data were not taken on the top andside faces. As a result of the confidence gained in the BAAL code
from this comparison, LASL was contracted to perform a second computa-
tion. This was for an S-280 Electrical Equipment Shelter struck by a
34.5 kPa (5.0 psi) step shock wave, the reference case discussed
earlier. The results of this computation have been reported previously 10

Using the data generated in the BAAL computation" 0 for the 34.5 kPa
overpressure shock wave diffracting over the shelter, and using a simple
scaling model suggested by the BRL to extrapolate the 34.5 kPa data to
estimate pressure histories for other comparable shock overpressures,
Calligeros et al. 1 1 predicted responses of the shelter to various shock
waves for Event Dice Throw. Ethridge 1 2 has used Taylor's results 1

together with other experimental data to construct correlation functions
£ for blast diffraction loading on the front and rear surfaces of a rec-

tangular parallelepiped. Those correlation functions are compared 12

with the data of Taylor 1 and Lottero1 °, showing good agreement.

C. HULL

During approximately the same period that the three-dimensional
BAAL computations were being run, a three-dimensional capability was
being added to the HULL 1 3 hydrodynamic computer code at the US Air
Force Weapons Laboratory (AFWL). The major differences between the HULL
and BAAL hydrocodes are that HULL solves only the inviscid Euler
equations, uses an explicit finite difference algorithm, and is re-
stricted to a fully Eulerian computing mesh comprised of cells which
are rectangular parallelepipeds. The AFWL wished to verify the new

1OR. E. Lottero, "Computational Predictions of Shock Diffraction Loading
on an 3-280 Electrical Equipment Shelter," Ballistic Research
Laboratorj Memoranc~un Report No. 2599, March 1976, (UNCLA)S IFIED).

.M.A 8 •g J. P. W'aZoh., and R. P. Yeghiayan, "Structuran

Modeling and Response of Comand, Control and ConMunication .lheZter
Syjotemo for Event Dice Arow," Rallintic Research [•>borat.,orl,
Contract Report No. 00421, March 1980, (UNCLASSIFIED). (AD 1AO85759)
N. u• . Ethridge, "Nlast Diffraction Loading on the Front; and Rrar,

Surfacea of a ReoctanguZar ParalZelepiped," BaZlisvtic Inea •raoh
Labortory t Menorandum Report No. 2784, September 1977, (INCT,.:'.FIED).

E 3: (AD A0DS312)
M. A. Fry, R. E. Durret, G. P. Ganong, D. A. Matuwka, M. ). cf*tuoker,
B. S. Chambers, C. E. Needham, andl C. D. Wee tmAoroland, "The' HU1LL
Slydrodynwnica Comrputer Code," US Air .orce Weapon• bzbora'tor?
Technioal Raport 76-183, September 19??, (UNCLASSIFIED).
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three-dimensional HULL against existing experimental data or proven
codes. The BRL wished to gain access to another reliable three-dimen-
sional hydrocode, because it appeared that BAAL might not be immediately
available for production work. The AFWL supplied the computing
facilities and the three-dimensional HULL code; the BRL supplied the
test problem and the analysis of the hydrocode output.

The problem chosen for the HULL computation was the reference
problem described earlier, identical to that run in the second BAAL
computation 1 0 including the flow field grid formulation. This was
chosen to gain corroboration for the BAAL computation for the shelter
in time for Event Dice Throw.

V. HYDROCODE COMPUTATIONS

Before discussing the results of the hydrocode calculations, the
general nature of the computations will be described. This section and
its associated Appendix C together describe the direction and index
conventions, the computational grid, the computation identifications,
various flow parameters, computer mainframes and central processor
unit (CPU) times, initial shock locations, and other such characterizing
data concerning the computations.

Because the HULL and BAAL codes use different conventions for
naming directions and indices, the BAAL results and the flow field
diagram are reproduced in part using the HULL hydrocode conventions.
Figure 6 shows a 3-D view of the shelter in the computational flow
field. The computational grid is discussed in detail in Appendix C.

While there is just one BAAL. computation for the shelter, there
are two complete HULL computations, designated HULL 19.8063 (here,fter
referred to as HULL A) and HULL 19.8067 (hereafter referred to as
HULL B). There is also an earlier incomplete HUILL computat ion,
designated HULL 202.1 (hereafter referred to as 1l1L. C), that contains
some interesting features. All three HULL runs are for the same
34.5 kPa step shock wave. The initial formulations of the four
computations are summarized in Table 2.

Analysis by the BRI, revealed that the computation for HUL. C was
not valid after 19 ms simulated problem time because of the arrival of
an artificial wave at the front face. The reflected wave from the
front face had traveled upstream, eventually arriving att the upstream
transmissive boundary through which the Ht0UL code had been feeding the
stop shock. Because the algorithm for the upstream transmissive
boundary was formulated to function as a simple positive image
boundary, the initially constant input wave was modified by the arriving
compression wave and its following expansion wave. Ultimately, this
artificial interaction at the upstream transmission boundary caused the
incoming, originally steady, wave to be almost completely turned off,
with the artificial wave arriving at the front face by 19 ms simulated
problem time.

24



LUJ
CD -

0-I
CJLi

W (n

za

Yy

VI A I



t) 44.4 44. - -J

co tA

u rA Q uU it

'C r

C-1J~ ~t aw w'

- ~- U

* U ~ *-.L

clI-A



With the information from the anal' sis of HULL C and from
extensive analyses of other problems b. VFWL, improvements to 3-D HULL
were made by AFWL. The problems labeled HULL A and HULL B were run at
AFWL in a cooperative effort by the BRL and AFWL using the improved
I-D HULL. These two HULL runs are identical except that for HUL. A the
shock is started at seven flow field cells upstream of the S-280
shelter front face, whereas for HULL B the shock is started at the
front face of the shelter, as was the case for the BAAL run and HULL C.
Artificial viscosity was used for both the BAAL run and HULL C; no
artificial viscosity was used in HULL A or HULL B. Also, HULL C was
run with a Courant-Friedrichs-Lewy (CFL) stability factor n0 0.15,
while both HULL A and HULL B used 7 = 0.50.

VI. LOADING ON SHELTER FACES

A. Remarks

This section contain, detailed discussions of the loading on the
shelter, with individual sections on the front, back, top, and side
faces. The hydrocode results and the predictions made from the
Technical Manual's -t.d Taylor's semiempirical models are compared with
one another.

B. Front Face

Figure 7 shows q comparison of the average overpressure on the
front face of the shelter computed with BANL; HULL runs A, B, and C;
the Technical Manual; and Taylor's model. The two simple models both
show the theoretical peak overpressure of 78.5 kPa at time zero, The
first data point for the BAýL computation is at t = 1.S7 ms, showing
an average overpressure of 74,3 kPa for the front face, 5A4 percent
below the theoretical peak value. No piessu:'2 data prior to this time
were furnished to the BRL, and hence the character cf the BAAL computa-
tion from 0 < t < 1.571 ms is unknown.

HULL C is the HULL computation that most clusely resembles the
BAA'.. computation in its general nature. These two computations use

essentially the same grid (See Appendix C); they are both started with

the shock at the front face. Both computations use a form of artificial
viscosity, applying it only in rcgiL:'3 of deceleration, although the

actual form of the BAAL viscosity function' is different from that used

in the HULL code 4 . As can be seen ii, Figure 7, the HULl, C computation

appears to be stable from time zero up to 19 ms, after which the

P. W. Lunn, H. J. Happ III, and C. E. Needham, "Detelopinnt of an
Arti ficial via(cosity Function," US Air Force Weapono [tAbo•Mtoyji

Technical Report ?7-53, Septemdber 1907, (UNCLASSIPIED).
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soluf ion drops off significantly due to the arrival of the artificial
wave discussed earlier. The computation after 19 ms is not plotted.
The HULL C computation reaches a peak average overpressure of approxi-
mately 69.0 kPa at 1.3 ms, 12.1 percent less than the theoretical peak.
From a time of 2.5 ms to 17 ms, the BAAL and HULL C computations are
nearly identical. After this time, the BAAL computation tends to rise
to values above the others, whereas the HULL C computation begins to
converge with the other HULL computations until it is destroyed by the
artificial wave.

The agreement between the HULL C and BAAL runs is quite remarkable,
particularly so because the HULL code is using a computational grid
designed for BAAL. Normally, the HULL code uses grids in which the
cell-to-cell variation in size is kept to less than 5 to 10 percent in
the region where the solution is desired, or in any region through which
a wave must pass on its way to the region where the solution is desired.
The BAAL grid has cell-to-cell variations in size on the shelter face
of 25 percent in the X direction, and as large as 25 percent for most
cells in the Y and Z directions, with much larger variations in the
general flow field away from the shelter. As indicated in earlier
work" 0 there is excellent agreement between the experimentally measured
average overpressure and the average overpressure computed with BAAI.
for the front face of a rectangular parallelepiped, using a similar grid.
This agreement gives reason for confidence in the validity of the BAAL
computation for the shelter front face, except for late time where the
average overpressure computed with BAAL, seems high, and for pressure
anomalies in the computation at the edges of the front face.

The next comparison or interest in Figure 7 is that of HILL C with
IIUILL B. The input d&ta, initial flov. fields, and finite difference
grids for these two computations are identical except that Rtll, B uses
n - 0.50 and no artificial viscosity, and MU1LL C uses n = 0.15 with
artificial viscosity turned on. There are significant differences
between the results of the two computations early in the diffraction
phase. 111e M1ILL B computation shows an overshoot of the 'wvvrage over-
pressure to a peak value of 88.5 kPa at 1.0 ins, 12.7 percent above the
peak theoretical value of 78.5 kPa, and 28.2 percent above the peak
average overpressure of 69.0 k~la at 1.3 ms in the 1l11l.l. C computat ion,
T1e 1101.. It computation also shows significant oscillation about the
results of the IIU.LL C computation for t 0 6 ils. It is doubtful that
tthe higher CI'1. number, n, for HU.LL1. It is the primary cause of this

"N oscillation; it is more likely due to running the code without art ifi-
; cial viscosity, combined with having the shock started as a discont i-

nuity at the shelter front face. It is of interest to no'e that at
1.6 ms (the 0t.I. B datum closest in time to the first datum of the IBAA.
computat lul at 1.571 ms) the 1ll!.1. It computtat ion shows an average over-
pressure of 70.4 kPa, 2.7 percent less than the theorttical peak
rofected o~v .,rcssure of - .5
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The setup of the HULL A computation is identical with that of thp
HULL B computation except that the HULL A computation begins with the

shock located seven flow field cells upstream of the shelter front face.
As can be seen in Figure 7, the movement of the shock through those
seven flow field cells results in a significantly different average
overpressure history on the shelter front face for HULL A compared

with HULL B. Signals from the computational shock in HULL A, spatially
in the form of a forward, exponentially decreasing function, arrive
well ahead of the theoretical shock arrival time. These early signals
are then reflected back continuously into the main portion of the on-
coming computational shock wave, ultimately reducing the peak over-

pressure, and delaying and spreading it in time. The peak average
overpressure for HULL A is 69.0 kPa, 12.1 percent less than t.e theoret-
ical peak, occurring at 4.35 ms after the theoretical arrival time of
the shock wave at the front face. By 4.35 ms, the theoretical location
of the shock wave is actually 1.68 m downstream of the front face, 77.5

percent of the distance to the plane of the back face. Gentry et al.A
show the same qualitative effect in comparing the results of a BAAL
computation for a step shock started at the front face of a rectangular
parallelepiped with that for an identical shock in the same grid
started five flow field cells upstream of the front face.

The almost exact agreement in peak average overpressure for the
shelter front face between HULL C and A is most likely coincidental.
The effect manifesting itself in HULL A is numerical diffusion caused
by using a CFL number less than 1.0 (n = 0.50) and having the shock
move through seven highly nonuniform flow field cells prior to inter-
acting with the shelter. The X-direction cell-to-cell variation in
size between the seventh and sixth cells upstream of the shelter front

face is 45.0 percent. The early time effects in HULL C governing the
development of the peak average overpressure on the front face are due
almost entirely to the effects of the modifications via artificial
viscosity to the pressure differenceI4,1 used to com)ute the accelera-

tions in the Lagrangian phase of the HULLU computation'I. The ILLtl, A

and 1U1,LL 1 computations converge with one another by 20 ms, as should
be expected. The HULl. C computation appears to have been tending
toward converging with the other HlULLi, computations just prior to its

being destroyed by the artificial wave discussed earlier.

The solutions obtained by using the model outlined in the
Technical Manual and that suggested by Taylor l are also shown in

Figure 7. All six average overpressure histories suggest that the

wave interaction, or diffraction, phase on the front face lasts for

about 15 ms, and is then followed by the drag phase. The Technical

Manual solution for the diffraction phase is significantly different

iD151 . richtnr and K. W. Mor'ton, 'Differencc Methode ' roti t, - -k
VaOuW I'oMZom' It 2d Rd., Itttoe•aienoa P, b Ziohdra, NOe., ll.,,, rk,
piew york, 1967, pp. 311-317.
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from all of the other solutions, except that it is nearly identical to
Taylor's solution in the early part of the diffraction phase. It agrees
well with the HULL B solution throughout the drag phase, with the BAAL
and HULL C solutions in the early drag phase, and with the HULL A
solution shortly after the beginning of the drag phase. The overpressure
calculated with Taylor's model, although it is somewhat high, shows good
agreement with the hydrocode solutions throughout the diffraction phase,
agrexcept for regions where the hydrocode solutions show the questionable
behavior discussed earlier. This good agreement, coupled with the ease
with which the model may be applied, makes Taylor's model most attractive
for estimating front face diffraction loading, Taylor's solution for
the drag phase is consistently above all of the others, except for the
late-time BAAL solution.

Appendix D contains a comparison of the HULL B prediction for
average overpressure on the shelter front face with Ethridge's12

empirical correlation function and a gage weighting function used by
Taylor1 .

C. Back Face

Figure 8 shows a comparison of the average overpressure on the
back face of the S-280 shelter as computed by BAAL, HULL runs A and B,
the Technical Manual, Taylor'sI suggested improvement to the Technical
Manual model, and a proposed model. There is excellent agreement
among the three hydrocode computations. The results for the two existing
semiempirical models 1 , 2 differ from those for the hydrocodes, particu-

larly the model from the Technical Manual. As indicated by Gentry
et al. 8 , the average overpressure on the back face in the BAAL computa-

tion for the rectangular parallelepiped agrees quite well with the

experimentally measured average overpressure. This led to the conclusion

that the average overpressure on the back face of the shelter as

computed with BAAL may also be considered to be an accurate estimate.

This conclusion is strongly reinforced by the agreement shown by HULL

runs A and B. The three hydrocode computations show a much faster

rise time requirod to reach the peak average overpressure, and that the

peak is higher than that predicted by the semiempirical models. The

hydrocodes also indicate a local pressure peak around 19 ins, most

likely due to the interaction with one another of the weakened shocks

breaking over the top and around the side faces.

It is a fairly direct matter to modify the existing models for

average overpressure on the Nick face to better fit the hydrocode

results, at least for this case. As before, hquation (3) gives
td =5.62 is, with p 0.0 for t 4 td. it is proposexd that the

constant a in EI.quation (4) be modified so that , -- 2. The modified

rise time is then (tb)rise = 10.64 ma. The peak average overpressure

on the back face may be computed by using a modified vers.ion of
•: ~ ~ -quat ion W.•)
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= Pm(t b( ) Ll + (l-$)e-nj (12)

with and p*(t) = ) The average wiverpressure on the back
i•/ wth n - t-b (P2-Pl "

face, p*, varies linearly from a value of 0.0 at t = td to (P)a at

ttd + (tb)rjse' For the present case, (P•max 32.4 kPa at t = 16.3 ins.

There is a decompression phase, lasting from

1[d+ (t b)rise]'t4 t + (t b)ris+ (2:::h This

where (pr) varies linearly from to the value (Pb)drag- .

value is found by substituting n = 0 into Equation (12), so that

71 (114)
,(bP•)drag = P*(t)b 2-) (14)

Equation (14) gives the average overpressure on the back face for

a step shock for all t > t +(tb) r + . For the present case,it~d brise +1jcae

(P*)drag = 31.5 kPa for t > 29.6 ins, This modified model is shown in

Figure 8. It fits the hydrocode data well, but its generality, like

t that of the model on which it is based, may be questionable.

D. Top Face

Figure 4 shows the average overpressure on the top face of the

shelter as computed by BAAL, HULL runs A and B, the Technical Manual,

and a proposed model. There is excellent agreement between the BAAI.

and HULL B computations throughout the range of simulated time. The

HULL A computation agrees quite well with the other two hydrocodc

computations for 0 < t < 7 ms, and for t > 16 ins. For 7 < t < 16 ins,

the IULL A solution shows a higher, more delayed peak compared with

the other computations. This is most likely caused by the delayed,

extended, and less strong reflection that the IRILL A computation shows

for the front face. The HULL A computation also shows some top face

loading for t < 0 ins, indicating the arrival of the forward portion of

the computational shock ahead of the theoretical shock arrival time.

The solid line in Figure 4 represents the average overpressure for

the top face as computed by using the model suggested in the Technical

Manual. The agreement with the hydrocodes for the first 6 ins, approxi-

mately equal to the time required for the theoretical shock wave toi! 31



travel along the top face, is excellent. However, the model under-

predicts the peak average overpressure computed by the hydrocodes, and
shows poor agreement for t > 6 ms. As with the models for the back

face, the Technical Manual model for the top and side faces can be

modified without much difficulty to give excellent agreement with the

hydrocode results.

The following modified version of Equation (7) is proposed for
computing the average overpressure on the top face,

(ý-op) (P2 - Pl A + (1 - A) (1.0 - ) (IS)

where A is a constant whose value depends on whether the maximum, local

minimum, or drag phase overpressure is to be computed. After a delay
time td as defined in Equation (3), the maximum average overpressure

on the top face, (Ptop mais computed by setting A = 1, so that

Equation (15) reduces to

' "• -="•--m:', Ptop max "-(P2 _PI).(I6

From time t = 0 to t = td) the average overpressure increases linearly

from zero to ) , From time t = td to a time
p max

(ttp t 2.0 D (17)(top'pmin td + -77--
i

the average overpressure on the top face decreases linearly from
to a value (pr which is computed by setting A 0.6(•op max toavle(top pmin,

in Equation. (15). From time (ttop)pmin to a time

(ttop)drag = (ttop)pmin +

the average overpressure on the top face increases linearly from

_- to a value - which is computed by setting A 0.8S(P~~~~top) pmin (rp rg

in Equation (15); after this time the average overpressure remains at

(ltop~drag Thus, instead of dealing with several different equations

as suggested in the Technical Manual?, it is only necessary to deal

with an equation of the form of Equation (15), with A = 1.0 for the

maximum, A = 0.6 for the minimum, and A - 0.8 for the drag phase

average overprossures. For the the present case, the model proposed
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above predicts Pop 0.0 kPa at t G.0 s, (P'op)max= 34.5 kPa at

td t .2ms Pop pmin = 26.7 5.2m, k Pa at (ttppi= 16.8 ms, and

(p-•pda 30.6 kPa for t > (to~rg= 25.3 ms. The history of
~top~drag (to=da

average overpressure for the top face as predicted by the modified model
proposed above is shown in Figure 4.

E. Side Face

Figure 5 shows the average overpressure on the side face of the

shelter as computed by BAAL, HULL runs A and B, the Technical Manual,

and the proposed model. The proposed model, a modification of the

Technical Manual model, is also to be used for both the top and side

faces of the shelter. Because of the geometry of the shelter, the side
face is nearly equivalent in size to the half of the top face that is
actually simulated in the hydrocode solutions (the top face is cut in
half by a symmetry plane), and because they have similar orientations
in the flow field, the hydrocode solutions for the side face are nearly

identical with those for the top face. Therefore, the same comments

regarding the relative performance of the hydrocodes and the existing

models for the top face loading also apply to the side face loading.

As notcd for the modified model pr'oposed for the back face loading, the

generality of this proposed modified model may also be limited.

VII. NET LOADING

A. Definition

An important point stressed by Taylor 1 is that the method outlined

in the Technical Manual significantly overestimates the net loading on

a 3-I) target, with net loading defined as the average overpressure on

the front face minus that on the back face. Taylor's model predicts a

lower net load on the shelter than does the Technical Manual model.

B. Discussion

It is appropriate at this time to refer back to tile BRAA. and

|lULL B plots of overpressure versus time in Frigulre 2 and the net loading

plots shown in Figure 3. There are several reasons why only the BAAL.

and IlULL B computations are chosen for comparison. The ltl. C solution

for the front face is valid only up to 19 ms, as discussed earlier; the

solution for the back face is no longer available, but in view of the

problems associated with this computation, it would probably be of

limited value. The IULL A solution shows significant dcviat ion from

the other hydrocode solutions, most likely due to the diffusion of the

computational shock after its having been started seven cells upstream

of the shelter front face. Both the BAAI. and HULL B solutions start

with the computational shock at the front face.
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As shown in Figure 2, except for the BAAL computation later in the
drag phase (t > 20 ms) and the HULL B computation near t = 0, both
hydrocode solutions.are consistently below the front face average over-
pressure predicted by either Taylor's model or the Technical Manual
model. Conversely, both hydrocode solutions for the back face indicate
that the back face is loaded even more rapidly than Taylor suggests,
peaking and remaining at average overpressure values well above those
predicted by either of the two models for all of the time represented
here. Viewed together, the front and back face loadings from the
hydrocode solutions show a greatly reduced net load on the shelter, as
may be seen in Figure 3. The curves in Figure 3 suggest that the
diffraction phase for the entire shelter is essentially over by 20 to
25 ms, or approximately four crossing times. During the diffraction
phase, both hydrocode solutions show much less net loading than that
predicted by TaylorI, which is in turn much less than that predicted by
using the model in the Technical Manual. The implication is that the
whole body response of a 3-D target during the diffraction phase (which
can be relatively long compared with a single crossing time based on the
depth of the structure) may be significantly less than the simple models
predict.

By 25 ms, the net loadings from each of the two hydrocode solutions
shown in Figure 3 have begun to diverge from one another. The net
loading from the HULL B solution increases with time, hut remains less
than that for both of the semiieipirical model solutions. The BAAI.
solutio;i eventually becomes greater than all of the others, this mIay be
an artifact of the BAAL, computation, but that is yet to he determined.
The data In Figure 3 suggest that the drag phase for the structure as a
whole begins at 20 to 25 ms,

Structural damage to the shelter is generally done during the
diffraction phase, the walls are driven inward and can damage the
equilxnent inside, reducing or ending its useffulness. At as.sumed threat
levels, the diffraction phase produces relatively little whole-hody
motion of the shelter; this motion can occur in the drag phase. It may
be that the shelter and the equipment inside will sutvive the diffraction
phase but will bh destroyed by having the shelter roll over and impact
the ground in the drag phase. Thus, understanding what the shelter
loading is during the drag phase is essential. Yet it is during the
drag phase that the limited computational and sem.t pirical data that
are available (such as are shown in tigure 3) disagree. Additional
experimental and comp~ttational data in the dro. phase for thret-
dim'nsional structures are needed to better quantify the loading during
this phase.
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VIII. ROTATIONAL MOMENT

Neither the existing semiempirical models nor the proposed model
provide any information concerning the locations of the centers-of-
overpressure on the surfaces of a target as a function of time; wave
interaction models could provide such estimates. The TRUCK code 3 , which
discretizes surfaces for its wave interaction computations, does provide
this capability. To the extent of the credibility of the hydrocodes and
the solutions gained by their use, such information is readilyavailableI 0

Figure 9 shows the history of the Z location of the center-of-
overpressure for the front face of the shelter as computed by BAAL, and
by HULL runs A and B. The three hydrocode solutions show remarkable
agreement with one another, although the slight differences do seem to
be systematic. The center-of-overpressure stays quite close to half
way up the front face for nearly all of the simulated time, except for
a slight movement downward during the early part of the diffraction
phase.

Figure 10 shows the history of the Z location of the center-of-
overpressure for the back face of the shelter as computed by the same
three hydrocode runs. The back face shows considerable variation in
the location of the center-of-overpressure during the diffraction
phase. Prior to the arrival of the shock wave, the center-of-over-
pressure is arbitrarily defined as being at one-half or' the height of
the shelter; during that time, the average overpressure is zero byI definition. The HULL A plot indicates the arrival of the forward
section of the computational shock prior to the theoretical arrival
time of t 5.62 ms at the plane of the back face.

Vhe conter-of-overpressure histories on the shelter front and back
faces take on added significance when considered in conjunction with
the average overpressure histories on the respective faces, just as the
average loadings on the front and back faces do when looked at together
in Figures 2 and 3. The semiempirical models1 ,2 predict higher loading
on the front face than do the hydrocodes. For lack of a better est imate,
it might seem reasonable to use the centroid of the target face for the
location of the center-of-overpressure on both the front and back faces
when using the semiempirical models. The hydrocodes indicate th.t
such an approximation would be reasonable for the front face, but not
so for the diffraction phase on the back face.

During the early part of the diffraction phase, the hydrocodes
predict a significantly greater average overpressure on the 11ack face
than do the somiempirical models, acting considerably above the mid.
point on the back face. During the rtmainder of the time simulated by
the hydrocodies, the computed loading is still well above thAt 1redicted
by the semiempirical models, but with the center-of-overpressure near

the area centroid. Specifically, an average of the BMAI. and 1111l. it
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average overpressure on the back face over the time intervl
6.6 < t C 15.8 ms is 151 percent greater than that predicted by the

Technical Manual, and 57 percent greater than that predicted 1y Taylor's
model. For the time interval 17.2 C t < 33.4 ms, the two hydrocode

solutions average 30 percent greater than the Technical Manual and S.7
percent greater than Taylor's model.

The histories of the net rotatio..al moment duo to overpressurc on

the shelter computed by using BAAL, HULL B, and each of the two semi-

empirical models are shown in Figure 11. The rotational moments are
computed about a line in the plane of the bottom boundary and perpendic-

ular to the side face. As was the case for the net loading curves in

Figure 3, Taylor's model 1 yields rotational moments larger than those

for the Technical Manual very early in the diffraction phase and also

in the drag phase, but significantly smaller values throughout the
majority of the diffraction phase. The HULL B computation shows the

oscillation in the solutions in the early diffraction phase as discussed
earlier. For 4 C t < 20 ms the HULL B and BAAL solutions show excellent
agreement with one another, predicting values well below those for the

simple models. During that time interval, the hydrocodes average 47

percent less than that predicted by the Technical Manual, and 31

percent less than that predicted by Taylor's model. For t > 20 nms, the

BAAL and 1113i.1. B solutions diverge significantly from one another. Ily

33.1 ms, the HULL B computation has reached a net rotational moment due

to overpressure of 55.0 kN-m, 20.3 percent less than the Technical
Manual model's value of 69.0 kN-m, and 33.5 percent less than the vahle

of 82.7 kN-m obtained by using Taylor's model. By 33.6 is, the 11AI

computation has reached a net rotational moment due to tnvCorVSfttr' of

97.8 kM-nM, 41.7 percent greater than the value from the Technical

Manual model, 19.3 porcent greate:' than the value from Taylor's mondel.

L and 77.8 percent greattr than the value from the HtU1I. iB contitution at
33•.1 Ms.

The reason for this divergence is two-fold. The PAAI ca,•iput.tion

shows mich higher late-time overpressure on the front faic of the

shelter than does the 11111.1, A1 computation, as shown in Pigure -. witth I

center-of-overpressure consistently above thiat for the C1.1-. B cotnVptaI

tion, as show in Figure 9. Conversely, the BAAI. computition how

only SoaCmhat higher late-tine ov-rpressure on the hack Oarc of the

shelter than does the Wdl, 1 coputatiofl, as shoun in Fituire X: ii has

a centor~of-oVerprt%5ur' consistently below that for the 1llt1.1 P Vt-I'to-

tatiom, as shown in Figure '0. At leiast part of the rea.son for ihi.

difference in behavior between the two hdrocode solutions is the
, apparent anomalous behavior in the fgMl. solution discusv-cd eanrlirr'

More informtation on the grid and the anocmalous behavior is pr-sente•t

iin Appendices C and E.

If the hydroccde couputationn are correct, as they appenr to hw,

then the net rotational coment on a 3-1V structure may he otuch es IkVitI

would be indicated by the existing semienpirical n(oe) s. This i,,:•tr.

less vulnerability to overturning than may have previously been asunc~l.
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IX. CONCLUSION

In general, the hydrocodes show good agreement with one another in
predicting overpressure averaged over each of the given faces of the
S-280 Electrical Equipment Shelter. They are also useful as comparative
tools in evaluating the capability of the semiempirical models to

predict such loading. Additionally, the hydrocodes provide a gret deal

of information for which more easily used predictive models (similar to
the semiempirical models discussed here) are not available and which is

i not readily gathered experimentally. An example of this is the use of
the data from the hydrocodes to make accurate estimates of the location
vs time of the center-of-overpressure for use in computing rotational

moments. Also, the analysis of the various hydrocodc results discussed
here has allowed some quantification of the effects of such items as
the value of the CFL number, numerical diffusion caused by the finite
difference grid, and artificial viscosity.

The model outlined in the Technical Manual does not appear to be
suitable for predicting either the shock diffraction or the drag phase
loading on a three-dimensional structure such as the S-280 Electrical
Equipment Shelter. The front face loading prediction for the diffraction
phase seems to be too high; the prediction for the drag phase appears
to be reasonable. The prediction for the back face loading is too low,
and is made worse by predicting too long a rise time for overpressure
to go from zero to the predicted drag phase value. The models for

predicting the loading on the top and side faces are fairly good at
predicting the initial increase of average overpressure with time, but
they underestimate its peak value; thereafter, th', models appear to he

significantly in error.

Taylor's modell for estimating the average overpressure on the

front of a three-dimensional structure is a significant improvement
over the model suggested in the Technical Manual, particularly during
the diffraction phase. However, predictions of liverage overpressure

in the drag phase using Taylor's model appear to be somewhat high
compared with the hydrofode prcdictions. The change suggested by
Taylor to the Technical Manual m1I0el for the average overpressure on
the back face is an improvement, but it too underpredicts tho loading

for all time, missing the peak overpressure and overestimating the
time required to roach the predicted peak overpressure. Taylor did

not address the top and side face loading.

The empirical models suggested by l"thridge1 provide a1 quick and

fairly accurate means of estimating the average overpressure as 4

function of time on both the front and back faces of a rectangular

parallolopiped. The modifications to the models in the Technical

Manual for the back, top, and side faces of a rectangular parallolepiped

proposed in this report also provide a quick, accurate meutis of estik

mating average overpressure, with the added feature of providing rnw

of the detailed loading variations observed it the hydrocode computa-

tions.
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The semiempirical models do not provide a means for computing the
time-history of the center-of-overpressure on the various faces of th(
structure. As a result, it is not possible to compute rotational
moments unless assumptions are made concerning the location of the
center-of-overpressure. Alternatively, center-of-overpressure models
could be developed. The hydrocodes do provide this information.

The hydrocodes and the semiempirical models all provide conflicting
information during the drag phase. This late-time loading is important
because it is during this time that overturning either will or will not
take place. Unfortunately, relatively little experimental data have
been gathered for late-time loading. This problem needs to be resolved
both experimentally and computationally. Comparison of late-time
loading obtained via experiment with that from inviscid codes such as
HULL will also be of value in determining whether or not viscous effects
should be modeled.
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APVIIND)IX A

SOH ITION [:OR SHOCK 1IJBIi WITH CLOSii) IN1I
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The following is a summary of the flow conditions or "he S4.5 kPa

(5.0 psi) step shock described in the section "Reference Problem" and
used in the HULL and BAAL computations. The shock is assumed to have

been produced in a shock tube having a high-pressure reservoir and a
low-pressure reservoir initially in thermal equilibrium with ono
another, with the fluid in each reservoir at rest. The high-pressure

reservoir corresponds to region 3 in Figurb 1, and the low-pressure
reservoir to region 1. The shock tube is assumed to he close,' at both
ends.

At some time, t', after the diaphragm separating the high- an-'
low-pressure reservoirs has been removed, a right-traveling shock wave
has developed and is moving into region 1, producing shocked regi.n 2.
Simultaneously, a left-traveling expansion fan has developed and is
moving into region 3, producing the expanded, accelerated region 4.
Regions 2 and 4 are adjacent to one another. They have ratching pre.'sure
and normal velocity components across their common boundary, but will,
in general, have different densities and specific internal energies.
Hence, this boundary is a discontinuity, called a contact dis'ontinuity
or contact surface. At some time, t", the shock reflects from the

closed right end of the shock tube, creating a left-traveling reflected
shock wave with region 5 behind it.

For the reference problems T1  288.2 °K, p1  101.3 kPa, and

= 1.225 kg/mr. The gas in both regions 1 and 3 is assumed to be air,

and is further assumed to be a polytropic gas with • = 1.4. The shock

has an overpressure of 34.5 kPa. Table A.1 contains a fairly complete

description of the five regions, using numerical values taken to

slightly higher accuracy than the nominal values useO in the text,

The computational grid was set up using the cunditions in region I

for the undisturbed ambient air, and those in region 2 for the shocked

air. The conditions In region 5 represent.the reviion behind the

reflected shock prior to the arrival of any expansion wves-

*41
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A. Front Face

The Technical Manual's method for computing the loading on the
front face of a rectangular parallelepiped (such as the shelter) is
based on an assumed clearing time tc, where

= - (B.1)

Here, c5 is the sound speed on the front face of the shelter after the

shock has reflected from it. The value to be used for h is the smaller
of either the height of the shelter or one half the width. The clearing
time t is "... the time required to clear the front wall of reflection

effects"'2 . During this time, the average overpressure on the front face
decreases from the peak reflected overpressure to a value, in the case
of an exponentially decaying wave, computed by2

-1 2p+ p*(t) 0.85 7 02 u2 (B.2)

In Equation (B.2), P2 is the density behind the incident shock, u, is
the particle velocity behind the incident shock, and p*(t)f is the time-

dependent value of the incident shock overpressure at the plane of the
front face,

p*(t)f = (P 2 = Pl)[1 (t td)/t] -(t'tj)/tpos (B.3)

Here, p1 is the absolute pressure ahead of the shock and P2 is the

absolute pressure behind the shock. Also, t is the time measured after
shock arrival at the front face; t d is the time required to travel to

the surface under consideration, which in this case is the front
surface, so td = 0.0; t is the duration of the positive phase. For

a stop shock, Equation (B.3) reduces to

p*(t)f f (P2 P) (b,4)

so Equation (B.2) becomes

1 2

Of P2 P1  0-8S -Pu2  (B2

For the reference shock (See Section 11 and Appendix A.), the peak
reflected overpressure on the front face of a rectangular parallelopi-
pod is (p5 = pl).

S2
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Tttylor1 suggested an alternate method to estimate the loading on
the front face of an obstacle, based on the number of rarefaction wave
crossings. For a 3-D object such as the shelter, there will be a
succession of rarefact ion waves originating from the top of the front

face and reflecting from the bottom boundary, plus a succession of
rarefaction waves originating from the side face and reflecting from

¶4 the symmetry plane. The reflected waves will also be expansion waves.
In an actual occurrence of loading through shock diffraction, there is
considerable interaction between the crossing expansion waves. Because
Taylor intended that the method be a simple approximation, the waves
are assumed not to interfere with one another. As a further simplifi-
cation, the rarefaction wave speeds are assumed to be equal to the
sound speed in the reflection region immediately after the incident shock
reflects from the front face.

Using Taylor's method, the required crossing time for an expansion
wave running from the top to thc bottom of the front faco is computed,
as is that for an expansion wave running from the side edge to the

symmetry plane. For each expansion wave crossing, the average over-

pressure on the front face is then computed as a percentage of the

initial reflected overpressure on the front face (p, - pl), as shown in

Table 1 of this report.

B, Back Face

The time required for the incident shock wave to arrive at the

plane of the back wall is

t D (B.6)

i•. ~where D is the shelter depth, and Wiis the velocity of the incident

shock. The rise time2 required for the pressure on the back face to

go from ambient at time td to its peak average value is

dC
( )rise tbh .7

where a 4.0, c1 is the sound speed ahead of the shock, and h is

definod as before. The peak average overpressure2 on the back face is

W~~ [I (I Owl)e]
!'~~ ~~~~~ Pbmax P*(t~b l+• }" Bg

where p*(t)b is the incident shock wave overpressure at the time it

I i arrives at the plane of the back face (See Equstion (9.3).), and

S3



1 p*(t)f)= (B.9)

Here [p*(t)f]t=o is the incident shock wave overpressure at the time it

arrived at the plane of the front face, and p, is the absolute pressure

ahead of the shock. For the step shock considered here,

[p*(t)f]to = P*(t)b = P2 " PI (B.10)

The Technical Manual model modified for a step shock implies that the
average overpressure on the back face would remain at (Pb) indefi-
nitely.bma

Taylor's data indicate that the constant a used in Equation (B.7)

to compute the rise time should be cbanged to 2.5 from 4.0. The rise

time is measured from the arrival time, td` of the shock at the plane

of the back face to the time at which the average overpressure on the
back face reaches . This gives a more rapid rise time on thebac fae rachs Pb max

back face than that computed by using the model in the Technical
Manual.

C. Top and Side Faces

Taylor does not suggest an improved method for computing the
average overpressure on the top and side faces of an object such as the
shelter. The method outlined in the Technical Manual i: prosert.l herte
for later comparison with the results computed using the hydrodynamic
computer codes. From time zero, when the incident shock wave reaches
the plane of the front face of the target, to the time td at which the

shock wave reaches the plane of the back face, the average overpreosure
on the top face varies linearly2 from zero to

top --) PIL

for the step shock considered here. To account for vortex growth,
shedding, and subsequent travel down the top face, the model predicts

a local minimum in the average overprossure at the time

At that time, the average overpressure on the top face is computed;' as

either

S4
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( (1
or

I-P S - (.32
= P2 "P) o.'s + o.12( , P .2] (0.13.2)

whichever is the lesser of the two, for the step shock considered here.
After this time, there is a linear rise in the average overpressure to
a value in the case of a step shock of

"tPop 22 " P1  (B.14)

fr.om the time t to a timepmin

Pmin ..

According to the method outlined in the Technical Manual, the geometry
of the shelter is such that the times and average overpressures for the
top face .also apply directly to the side face of the shelter.

S$
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Because the HULL and BAAL codes use different conventions for
naming directions and indices, the BAAL resultsi 0 and the flow field
description are reproduced In part using the HULL hydroc'de conventions.
Figure 6 of this report shows a 3-D view of the shelter in the computa-
tional flow field. Figure C.1 shows the projection of the computational
grid on the front face, Figure C.2 the projection on the top face, and
Figure C.3 the projection on the side face. The indicated pressure
anomalies on these faces in the BAAL computation are discussed in
Appendix E.

The computational grid used for the HULL code is identical with
that used in the BAAL computation, except that the HULL grid has one
additional plane of cells in the X direction, four additional planes of

cells in the Y direction, and three additional planes of cells in the
Z direction, all added at the upper extreme of distance in the respective

directions. Table C.1 is a tabulated list of celi vertex locations
versus computational grid indices. The single plane of cells was added

to the HULL grid in the X direction to satisfy a code requirement that

the number of cells in the X direction be odd. The extra planes of

cells were added in the Y and Z directions for the HULL grid to allow

the code to process a loimyer simulated flow time prior to the possible
arrival at the shelter of artificial signals reflecting from che

transmissive boundaries of the computational flow field.

58
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Table C.l. Cell Vertices, HULL and BAAL Grids

Ix (m) J Y (m) K Z (m)

Origin 0.0000 Origin 0.0000 Origin 0.0000
1 1.9622 1 0.3376 1 0.3933
2 3.3154 2 0.6752 2 0.7865
3 4.2487 3 1.0128 3 1.1798
4 4.8923 4 1.2828 4 1.4944
5 5.3520 s 1.4989 5 1.7461
6 5.6804 6 1.6717 6 1.9474
7 5.9233 7 1.8100 7 2.1085
8 6.1176 8 1.9483 8 2.2696
9 6.2731 9 2.1332 9 2.4850

10 6.4285 10 2.3805 10 2.7732
11 6.6228 11 2.7383 11 3.1900
12 6.8657 12 3.2744 12 3.8145

13 7.1693 13 4.1965 13 4.7499
14 7.5488 14 5.6671 14 6.2012

1s 7.8524 15 8,0129 15 8.4529
16 8,0953 16* 10.3587 16* 10.7047

17 8.2896 17* 12.7044 17* 12.9564

18 8.4451 18* 15.0502 18* 15.2081

19 8.6005 19" 17.3959
20 8.7948
21 9.0377
22 9.3661
23 9.8258
24 10.4694
25 11.4027
26 12.7559
27 14.7181
28 16,6803
29 18.6425
30 20.6047
31* 22.5668

Added cell, HULL grid only
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Figure D.1 shows the gage positions that Taylor1 used in
estimating the loading for the front and back faces of a three-
dimensional rectangular parallelepiped tested in the BRL shock tube.
The experimentally measured overpressure histories for these points were
used as a basis for evaluating the BAAL computation by Gentry et a1 8 .
Point A is located at the centroid of triangle FGO, point C at the
centroid of triangle EOH, and point D at the centroid of triangle EFO.
Taylor's function for estimating the average overpressure on either the
front or back face is

P 2p* + p*+pD (D.+)
4

where p* is the overpressure at point A, p• is the overpressure at

point C, and p* is the overpressure at point D.

Ethridge 1 2 has proposed empirical correlation functions for the
front and rear surfaces of a rectangular parallelepiped. For the
average overpressure on the front surface of a S-280 shelter struck by
the reference 34.S kPa step shock, Ethridge's fufiction reduces to

-p =38.Sl + (40.02) e(-'3288)(374.4 t)(1,412 + .1667 e-44.47 t .(D.2)

Figure D,2 shows a comparison of the average overpressure on the
front face computed with Ethridge's empirical function, HULL B, and
Taylor's weighted function shown in Equation (D.1). The overpressure
histories for points A, C, and D were computed using spatially inter-
polated values for those points in the HULL B computation. Figure D.2
indicates that Taylor's weighted function for those three points gives
an excellent approximation to the average overpressure for the front
face. Ethridge's empirical function also shows good agreement with the
computed solution, especially at late time. At early time, rthridge's
function is probably more reliable than the HULL B solution because it
is based on the theoretical reflected value at time zero and is not
subject to the kind of numerical oscillation exhibited by the HULL
solution. However, it does not show the apparent over-relief of
pressure found both experimentally and computationally near 10 ms.

Figure 0.3 shows the average overpressure on the back face of the
shelter computed with Ethridge's empirical function, Taylor's weighted
function, and tULL B. Ethridge's empirical function for the average
overpressure on the back face of the shelter struck by the reference
shock reduces to

(.9300[1 I-e 16 1 .2 t (I * 5656 t2iJ (fl.)
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Taylor's weighting function, Equation (D.1), is the same for the back
face as for the front face. The overpressures for points A, C, and D
on the back face were computed by performing linear interpolations in
the HULL B solution in the same manner as was done for the corresponding
points on the front face. Ethridge's empirical function shows good
general agreement with the HULL B computation, but does not show the
peak and local minimum suggested in Figure 8 of this report and by the
proposed model. It also seems to load the back face more rapidly. The
weighted function of Equation (D.1) seems to be a reasonable approxima-
tion to the full solution except that it overpredicts the loading near
the peak. This overprediction is especially interesting because it is
of essentially the same nature as the overprediction of Taylor's
weighted functionI, as shown by Gentry et a1 8 . Figure 14 of their
report, reproduced here as Figure D.4, compares the experimentally
measured overpressures, the complete BAAL solution, and the interpolated
values for analogous points A, C, and D on a rectangular parallelepiped
tested in the BRL shock tube. The solid line represents the weighted
average for the experimentally measured values at points A, C, and D.
The dashed line with the x's represents the weighted average of the
overpressures at points A, C, and D found by performing linear inter-
polation using a BAAL hydrocode computation. The dashed line with the
o's represents the average overpressure on the back face using the BAAL
computation for the entire face.
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Figure D.I. Taylor t s gage positioning for front and
back face loading on a rectangular
parallelopiped.
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A. Front Face

As may be seen by comparing Figures C.I, C.2, and C.3 in Appendix
C with Figures 2a, 2b, and 2c in the earlier study"0 , additional
apparent anomalies have been identified in the BAAI, computatinn during
the current analysis. The anomalies on the front face of the shelter
are manifested as excessively high pressures in the topmost row of flow
field cells (indices I = 9, J = 1 through 7, K = 7, or (9,1-7,7)) and
the right-most column of cells (9,7,1-7). Figure F.1 shows over-
pressure histories for cell (9,7,4), a flow field cell in the right-
most column of cells on the shelter's front face, four cells up from
the bottom. Except for very early in the diffraction phase, the AMA.
overpressures for the cells in that column, as cell (9,7,4) typifies,
are in general significantly larger than those for the two 1IUI.I. compu.
tations. Correspondingly, Figure F.2 shows an even more severe effect
in the overpressure history for ceil (9,7,7), the flow field cell on
the upper right corner of the front face. Except in those areas where
apparent anomalous behavior is exhibited in tile BAAI solution for the
front face, the relative agreement in the BAAL and IIULL computations
is more accurately characterized by the overpressure history of cell
(9,3,3), a cell located near the center of the one-half shelter front
face, as shown in Figure E.3. Ilere, the BAAL computation shows the
more typical increase in overpressure abovc that for the HlULL, computa-
tions for late time (t > 20 mr.).

R. ack Face

The pressure anomalies in the P.MI. computation for the back face
of the shelter are in essentially the opposite sense from those on the
frout face. The overpressuros for the top row of flow field cells
(19.1-7,7) and the outermost column of flow field cells (19,7,h•7)

*=. are significantly less than those computed by using I... Figure rV".4
shows the overpressure history of cell (19,3,7), one of the flow field
cells nIlny, the top row of cells on the shelter's hack face. It shows
"the typical late-time overpressure dtsagreement between the EIMI.
computation and the tRILL comlptations for that row of flow field cells.
Figure t.5 shows a similar, typical disagreftent between the IMAl. nnd
lailLt; Omnntations for a flow field -ell in the outerwst coltion of
cells on tile back face. Figure .,6 shows the overpreiure history of
flow field ce1 (19,3,3), situated apir~ximately on the center of
-. the o hal( bach face. 'Me relative performance of the I0AAI and 11111,,
cotputations shown in Figure ^.6 Typifies that for th. flow field cells

%on the back face, Wut not at the outer edges of the t,-bck face.

Apparent -prssure anosities It the sMi, eojntation al so exit on.

fthle ttV andM sde faces, and are quite similar to those on the front
and back faces. Figuir V.1 shows the overpresture history of flow
field cell (lO,3,1),. he third cll in the Y direction from the
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symmetry plane in the first row of flow field cells along the top face.
Here, the overpressure as computed by BAAL is consistently much less
than that computed by either of the two HULL computations. The over-
pressure hiscory of flow field cell (9,3,7), the top flow fi(-d cell
in the third column of cells up the front face (not shown in this
report), shows relative values of overpressure between the BAAL and HULL

S-.-computations similar to those shown in Figures E.4 and E.S. This is
pafto-f._a 'consistent pattern of the main differences in the overpressure
histories ir--the HULL and BAAL computations for flow field cells just
before and just aft-ei.-a 90-degree expansion corner. The BAAL computation
shows consistently highetrvalues of overpressure than dc the HULL compu-
tations in the flow field cells".on-the shelter surface just upstream of
the 90-degree expansion corner, and c6ns-is.tently lower values on the
shelter surface just after the expansion. Figure..-E.8 shows the over-
pressure history of flow field cell (18,3,8), the third. cell in the
Y direction from the symmetry plane in the last row of flo& field cells
along the top face. Here the overpressure from the BAAL computati6n is...
consistently greater than from the HULL computations. Figures E.1 and
E.2 show similar results for analogous front face cells. Figure E.9
shows the overpressure history of flow field cell (14,7,8), the outer-
most cell in the fifth row of flow field cells down the top face. This
90-degree corner of the shelter is along a line parallel rather than
perpondicular to the flow; hence there are no large pressure or velocity
gradients around this cell as there would be for a similar corner which
is oriented perpendicular to the flow. As may be seen in Figure F.9,
the agreement between the HULL and BAA! codes is generally good, except
for the delayed, enhanced peak for HULL A; the cause of this discrepancy
was discussed earlier in this report. Figure E.10 for flow field cell
(14,3,8), located near the center of the haif of the top face, shows
the typical good agreement between the HULL and BAAL, computations for
flow field cells on the top face but not inmmediately adjacent to the
90-degree expansion corner regions.

D. Side Face

Figure E.-11 shows the overpressure history of flow field cell
(10,8,4), the fourth cell up from the bottom boundary -in the first
column of flow field cells along the side face. This cell is on the
downstream side of the 90-degree expansion corner from the front face
to the side face. The BAAL overpressure values are consistently less
than the HULL values, showing the same behavior as that for analogous
flow field cells shown In Figures ['.4, F.5, and E.7. Figure F.12 shows
the overpressure history of flow field cell (18,8,4), the fourti, cell
up from the bottom boundary in the last column of flow field cells
along the side face. This cell is on the upstream side of the 90-degree
expansion corner from the side ?ace to the back face. As is the case
for the analogous flow field cell. in Figures V.14, F1.2, and f,.5, thO
BAAL overpressure values are consistently greater than the values from
either of the HULL computations. Figure 11.J13 shows the overpre.ssure
history of flow field cell (14,8,3), the fifth cell along the thrd
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row of flow field cells up from the bottom boundary on the side face.
As is the case for the analogous flow field cell shown in Figure E.9,
the BAAL and HULL calculations show good general agreement, as do the
flow field cells away from the edges of the top and side shelter faces
(such as those shown in Figures E.14 and E.10).

E. General View

Figure E.15 shows an exploded view of the S-280 shelter, indicating
the pattern by which the BAAL computation of overpressure on the shelter
differs from that computed by HULL. The BAAL computation of overpressure
is consistently higher than that computed by HULL for flow field cells
on the shelter surfaces just upstream of a 90-degree expansion corner,
and consistently lower for flow field cells on the shelter surface just
downstream of a 90-degree expansion corner.
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LIST OF SYMBOLS

c velocity of sound (mis)

h the clearing height (mn), equal to the smaller of either the
height of the target or one-half of its width

p static, or side-on, pressure (kPa), absolute unless otherwise
indicated

t time (s), where t 0.0 when the incident shock wa-'e arrives at
the target front face, as computed according to theory

u particle velocity (m/s) with. respect to an Rulerlan reference
frame

D the depth (mn) of the target, measured in the direction of travel
of the incident shock wave

I the specific internal energy (J/kg)

M particle local Mach number'

R gas constant (J/kg-*K)
V.

T static, or side-on, temperature (*K),

H!, W wave jelocity (m/s) with respect to an Eulerian reference frame.

X the direction of measure of depth (mn)

Y the direction of measure of width (m)

Z the direction of measure of height (m)

a constant multiplicative factor

(PI

y the ratio of specific heats

Courant -Friedrlchs- Lowy (CF'L) stahitiity factor

P static density (kg/in) absolute unless otherwise indicated

Subscripts

b the back face of the target
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LIST OF SYMBOLS (Continued)

c clearing time when used with the symbol "t", the " time

required to clear the front wall of reflection effects...,,2

drag the drag phase

f the front face of the target

i incident shock wave

max a peak value

pmin when used with the symbol "t", the time required for the average
pressure on a target face to reach a local minimum value after
having been loaded to a peak value by a shock wave

rise when used with the symbol "t", the time required for a target
face to reach a peak average pressure after the initial arrival
of the incident wave at that face

top the top face of the target

0 stagnation, or face-on, value after the flow is isentropically
brought to rest

ambient, atmospheric, or reference condition, specifically that

region of undisturbed gas ahead of the oncoming shock wave

2 the region behind the incident shock wave

3 the region representing the shock tube roeervoir

4 the region separated from the shock tube reservoir by the
expansion wave, and separated from the shocked gas by the
contact discontinuity

the region behind the reflected shock wave

Superscripts

• the value over the reference, or ambient, condition (e.g., p*
represents overpressure)

S- average value over a given face of the target
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